Effects of excess tellurium and growth parameters on the band gap defect levels in CdxZn1−xTe J. Appl. Phys. 112, 073111 (2012) Donor and acceptor levels in ZnO homoepitaxial thin films grown by molecular beam epitaxy and doped with plasma-activated nitrogen Appl. Phys. Lett. 101, 122104 (2012) Donor behavior of Sb in ZnO J. Appl. Phys. 112, 033706 (2012) Transition levels of defects in ZnO: Total energy and Janak's theorem methods J. Chem. Phys. 137, 054709 (2012) Ab-initio studies on Li doping, Li-pairs, and complexes between Li and intrinsic defects in ZnO J. Appl. Phys. 111, 123713 (2012) Additional information on J. Appl. Phys. Deep level defects in n-type unintentionally doped a-plane Mg x Zn 1Àx O, grown by molecular beam epitaxy on r-plane sapphire were fully characterized using deep level optical spectroscopy (DLOS) and related methods. Four compositions of Mg x Zn 1Àx O were examined with x ¼ 0.31, 0.44, 0.52, and 0.56 together with a control ZnO sample. DLOS measurements revealed the presence of five deep levels in each Mg-containing sample, having energy levels of E c À 1.4 eV, 2.1 eV, 2.6 V, and E v þ 0.3 eV and 0.6 eV. For all Mg compositions, the activation energies of the first three states were constant with respect to the conduction band edge, whereas the latter two revealed constant activation energies with respect to the valence band edge. In contrast to the ternary materials, only three levels, at E c À 2.1 eV, E v þ 0.3 eV, and 0.6 eV, were observed for the ZnO control sample in this systematically grown series of samples. Substantially higher concentrations of the deep levels at E v þ 0.3 eV and E c À 2.1 eV were observed in ZnO compared to the Mg alloyed samples. Moreover, there is a general invariance of trap concentration of the E v þ 0.3 eV and 0.6 eV levels on Mg content, while at least and order of magnitude dependency of the E c À 1.4 eV and E c À 2.6 eV levels in Mg alloyed samples. V C 2012 American Institute of Physics.
I. INTRODUCTION
Optoelectronic devices designed to operate in the ultraviolet (UV) part of the electromagnetic spectrum, namely, UV-A (400-320 nm), UV-B (320-280 nm), and deep-UV (350-190 nm) must be based on wide bandgap semiconductor ternary alloys such as Al x Ga 1Àx N (365-200 nm) and Mg x Zn 1Àx O (368-160 nm). Although Al x Ga 1Àx N-based UV emitters 1 and detectors 2 have been reported, Mg x Zn 1Àx O is an interesting alternative material system for those UV applications due to several inherent, fundamental advantages that have garnered much attention recently for potential exploitation in future technologies. [3] [4] [5] Perhaps, the most important one is the large, $60 meV exciton binding energy present in Mg x Zn 1Àx O, which is almost three times larger than that of Al x Ga 1Àx N and is independent of Mg content. 6 This gives rise to an intrinsically higher radiative recombination efficiency at room temperature, which should translate into much higher optoelectronic device efficiencies. 6 Also, the a-axis lattice parameter of Mg x Zn 1Àx O increases gradually with Mg content and the lattice mismatch between the substrate ZnO and Mg x Zn 1Àx O is very small only around $0.20%-0.40% for x ¼ 0.2-0.3, which aids the quality of quantum well and superlattice structures. 7, 8 Furthermore, it has been experimentally shown that the lack of internal electric field in a-plane ZnMgO/ZnO heterostructures results in more efficient radiative recombination in quantum wells, i.e., no quantum confined Stark effect, as desired for emitter applications. 9 Currently, work on Mg x Zn 1Àx O is in the very early stages in terms of applications of Mg x Zn 1Àx O for devices applications such as UV light emitting diodes (LEDs) and detectors. [3] [4] [5] 10, 11 Ultimately, as with all optoelectronic devices, the presence of various defects that can create bandgap states is of great interest since they reduce performance, hinder reliability, and lower device lifetime. 12, 13 There has been recent work on trap spectroscopy of Mg x Zn 1Àx O grown by metalorganic chemical vapor deposition (MOCVD) that focused on compositional ranges from 0.056 to 0.18 in which it was found that deep acceptor-like levels having energy levels of E v þ 0.28 eV and E v þ 0.58 eV, with concentrations as high as $10 18 cm
À3
, played an important role in compensation of the electron concentration of these films. 14 The work presented here focuses on experimental characterization of deep level defects within Mg x Zn 1Àx O grown by plasma assisted molecular beam epitaxy (MBE) covering a much wider range of alloys compositions from x ¼ 0 to x ¼ 0.56, and bandgap energies that range from 3.36 eV for ZnO to 4.56 eV for Mg x Zn 1Àx O for x ¼ 0.56.
II. EXPERIMENTAL
A systematic series of a-plane oriented, unintentionally doped (UID) Mg x Zn 1Àx O (x ¼ 0, 0.31, 0.44, 0.52, and 0.56) epitaxial layers were grown by plasma assisted MBE on a)
Author to whom correspondence should be addressed. r-plane sapphire substrates to facilitate trap characterization via deep level optical spectroscopy (DLOS). The Mg content, its substitutional character, and the crystal structure, were previously determined in these films by Rutherford backscattering (RBS). 15 In that work, uniform growth in terms of both layers composition and atomic order as well as excellent crystal quality of the films was confirmed along with ideal substitutional behavior of Mg on Zn sublattice sites within the wurtzite lattice. Growth was initiated with a ZnO nucleation layer having a nominal thickness of 30 nm at a temperature of 400 C, which was subsequently annealed at 600 C for 10 min in order to obtain a smooth surface. After ZnO nucleation, the ternary Mg x Zn 1Àx O layer was grown to a thickness of 1.0 lm for each composition. Ti/Al/Ti/Au (200/1000/400/550 Å ) was used as an ohmic contact, which was annealed at 400 C. After the ohmic contact annealing, semitransparent 100 Å -thick, circular Au-Schottky contacts with a 200 lm diameter were fabricated in a coplanar geometry with respect to the ohmic contacts, to facilitate subbandgap light penetration for the DLOS studies. The surface underneath the Schottky contact was treated with H 2 O 2 at 100 C for 1 min before the metallization process to improve the rectification behavior.
To avoid persistent photo-conductivity effects that have been reported previously, 16 all the current-voltage (I-V), capacitance-voltage (C-V), capacitance-frequency (C-f), and DLOS measurements were performed after at least 24 h settling time in the dark. The I-V measurements were performed with a Keithley 617 electrometer. The capacitance was monitored continuously to ensure this initial condition.
All C-V and DLOS measurements were conducted at 1 kHz in order to minimize series resistance effects, which was chosen by monitoring the C-f characteristics obtained via an Agilent E4980A LCR meter. The 1 kHz DLOS measurements were conducted with a Stanford Research Systems SR830 Lock-in Amplifier. The DLOS measurements were performed using monochromatized light from quartztungsten halogen (QTH) and Xe lamps with photon energies between 0.5-2.0 eV and 1.2-5.0 eV, respectively, in 20 meV increments. A calibrated thermopile was used to determine the optical flux at each incident energy. DLOS measurements commenced after a thermal settling time of 80 s, to ensure thermal emission processes from shallower bandgap states were completed. A À1 V quiescent reverse bias followed by a 20 s-long, 1 V filling pulse to refill all deep levels was applied as a biasing condition in all measurements. Steady state photo-capacitance (SSPC) data were also recorded at each energy of light during the measurements. The measurements on each sample were repeated on multiple diodes on the same sample to confirm the obtained results. More details about DLOS measurements can be found in previous studies, including its application to Mg x Zn 1Àx O with lower Mg content than explored here. 14, 17 In order to accurately determine the concentrations of the traps observed in the DLOS measurements for cases where the trap concentration is an appreciable fraction (or exceeds), the background doping (i.e., the dilute concentration approximation is violated), lighted C-V (LCV) measurements were conducted with the Agilent LCR meter at 1 kHz frequency. 18 While the SSPC approach provides accurate trap concentrations in the dilute concentration limit (for N t < 0.1N d ), this method underestimates the trap concentration for very high trap concentrations and LCV was found necessary for many of the traps detected in the MgZnO alloys here. 14, 18 
III. RESULTS AND DISCUSSION
A. I-V, C-f, and C-V characterization of Au/Mg x Zn 12x O Schottky diodes Fig. 1(a) shows the dark I-V measurements of the Au/Mg x Zn 1Àx O Schottky diodes measured at 300 K. Very low reverse leakage current density and excellent rectification behavior are observed for all compositions. The reverse dark current densities on the order of 10 À10 -10 À12 A/cm 2 obtained at À2 V for the highest three Mg content samples having bandgaps from 4.17 eV to 4.56 eV demonstrate significant promise for future deep UV applications, since these values of leakage currents, which typically correlate with low noise, high detectivity photo-detector devices, are more than an order of magnitude lower than earlier reports on Mg x Zn 1Àx O metal-semiconductor-metal devices.
3-5,11
The room temperature, forward bias I-V characteristics of the Schottky diodes were numerically fitted using the standard thermionic emission theory in order to extract the diode ideality factor (n), the Schottky barrier height (U b ), while accounting for series resistance effects (R s ), the latter of which has a clear effect on the saturation of the forward current above $1.5 V forward bias. 19 The numerical values resulting from the fits as a function of alloy composition are compiled in Fig. 1(b) . A steady increase in the value of the ideality factor from $1.15 for pure ZnO to 1.75 for a Mg content of 56%, values which are similar to ideality factor values reported for low Mg content (up to x ¼ 0.18) nonpolar Mg x Zn 1Àx O Schottky diodes. 20 In general, barrier height values of approximately 1.0 eV were observed for all compositions from the simple I-V analysis. In addition, the R s values of the Schottky diodes increase gradually with Mg content (except for the highest Mg content) for the same device geometry, similar to what has been reported previously in the literature. 14, 20 The high series resistance of the diodes is attributed to the low net carrier concentration observed in these unintentionally doped layers (see C-V results, below) are consistent with the the coplanar device structure and the large distance between Ohmic and Schottky contact metals.
Since the trap spectroscopy measurements here are based on capacitance, accounting for the series resistance is necessary in order to extract meaningful data. The depletion capacitance will present a frequency dependence as follows:
where C m is the measured capacitance, C a is the actual capacitance, x is the angular frequency, and G is the conductance. 21 If the series resistance is high, the term inside the parentheses becomes significant, at conventional, i.e., 1 MHz, frequencies, and as a result the measured and actual capacitance will diverge. In order to check the frequency dependence of the capacitance and to determine an appropriate frequency for subsequent capacitance measurements, the C-f characteristics were measured at room temperature in the dark between frequencies from 0.1 to 2000 kHz. Fig. 2(a) shows the C-f results at 0 V for each of the Au/Mg x Zn 1Àx O Schottky diodes. Significant frequency dispersion is observed for the Au/Mg x Zn 1Àx O diodes while no significant frequency dependence is observed for the Au/ZnO Schottky diode. As a result of the dispersion at high frequency, we chose a frequency of 1 kHz using a lock-in amplifier and/or LCR meter for subsequent capacitance-based measurements. 14, 20 and/or it could be due to an increase in the donor activation energy for the Mg x Zn 1Àx O thin films due to the shift in the conduction band minimum as the Mg content increases. [22] [23] [24] In order to explore this further, DLOS and LCV measurements were performed and are discussed in Sec. III B. diodes as representative examples of the entire sample set. The broadness of these spectra at the lower energy ranges shown is suggestive of electron-lattice coupling. 25 To account for this possibility when determining precise energy levels, the Bois-Chantre model for calculating optical cross sections from such data was employed, in which the energy associated with the lattice coupling (Franck-Condon energy) can be determined and accounted for when determining the true defect energy level. 26 Examples of such fits are also shown in Figs. 4(a) and 4(b), for ZnO and for Mg 0.56 Zn 0.44 O Schottky diodes. Three deep levels are present in the lower half of the ZnO bandgap at E c À 2.1, E c À 2.8, and E c À 3.1 eV, all of which were determined via the Bois-Chantre fits shown in Fig. 4(a) . The associated Franck-Condon energy (d FC ) values for these levels are 0.5 eV, 0.2 eV, and 0.1 eV, respectively. Higher d FC obtained for the E c À 2.1 eV level can be seen from the broad structure of the optical cross section data in the figure for that region compared to the higher energy region of the data. In contrast to ZnO, five deep levels are revealed for the 56% Mg content Schottky diode, with energy levels of E c À 1.4 eV, E c À 2.2 eV, E c À 2.6 eV, E c À 4.0 eV, and E c À 4.3 eV as shown in Fig. 4(b) . In order to show clearly the need of two separate fits for the higher energy side of the optical cross section, the magnified plot for that region of energy is shown as an inset. All extracted trap energy levels as a function of MgZnO alloy composition are summarized in Table I. A few points should be noted from the data presented in Table I . First, while three deep levels are observed in ZnO, two additional deep levels are seen with Mg incorporation, suggesting an immediate influence on carrier trapping and device characteristics for the alloys. Second, there are three deep levels whose energy levels are invariant for all alloy compositions studied here, at $E5 ¼ E c À 1.4 eV, $E4 ¼ E c À 2.1 eV, and $E3 ¼ E c À 2.6 eV, despite the increasing bandgap energy with the increasing Mg content (note that the E4 level is also observed in the ZnO sample). These levels effectively follow the variation in the conduction band minimum as the Mg content increases as clearly shown in Table I . Also, the Franck-Condon energy values for the E5, E4, and E3 states are invariant with Mg content, as shown in the table. Third, there are two levels whose energies are invariant with respect to the valence band maximum, at E1 ¼ E v þ 0.3 eV and E2 ¼ E v þ 0.6 eV, each of which presents increasing d FC values with Mg content, and are common in all samples studied here. The behavior observed for E1 and E2 has been reported previously for lower Mg content samples grown by MOCVD, with almost the same energy values. 26 For a few cases, the d FC values could not be determined due to noise in the measurements (E5). The E3, E4, and E5 states track E c (i.e., their energies with respect to E c are roughly constant), whereas E1 and E2 track E v (i.e., their energies with respect to E g À E 0 ¼ E v are roughly constant). All of the energy values given in the table are in eV. Fig. 5 , it is evident that the values of DC/C 0 are around $2, which means that the trap concentration is well above the dilute limit (i.e., N T > N D ), for which case the SSPC provides only a lower bound to the true trap concentration. Thus, the LCV method, described earlier, was used to obtain accurate N T values for this condition.
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The LCV method monitors the difference in total depletion space charge density N using monochromatic light to selectively photo-ionize traps where N at the depletion edge x d is extracted from the C-V profiling. 21 At each incident light photon energy h, traps with energy E c À E T < h (for electron traps) are photo-ionized, which causes an increase in N. The difference in N for different photon energies (h 2 > h 1 ) at fixed x d is the concentration of traps within that energy range (N T ¼ N(hv 2 ) À N(hv 1 )). Selecting the photon energies of the monochromatic light using the DLOS onsets as a guide allows the concentration of each trap to be accurately determined. Fig. 6(a) shows an example of the LCV profiling data obtained for the ZnO sample. The specific illumination energies used to selectively excite the traps were chosen from both optical cross section and SSPC onset analyses. For example, the concentration of the E5 ¼ E c À 1.4 eV level was determined by comparing the value of N for photon energies before the onset of the next trap (E c À 2.1 eV) with N at 1.4 eV. The measurement yields an average trap concentration of $10 15 cm À3 for the two highest Mg content samples. The results of the LCV analysis in terms of trap concentrations are shown in Fig. 6(b) , and are summarized for each DLOS-detected level for all samples in Table II. Interestingly, substantially higher concentrations of the E1 and E4 levels along with modestly higher ($2.5x) E2 concentrations are observed for the ZnO sample compared to all Mg x Zn 1Àx O compositions investigated here. Moreover, once Mg has been alloyed with the ZnO, there is a general invariance of trap concentration for E1 and E2. This fact, coupled with their higher concentration for ZnO implies that these levels might not be associated with Mg-related defects or alloy growth issues. As for the three deep levels (E3, E4, and E5) whose energy levels follow E c as a function of alloy composition, the general trend in concentrations is at least an order of magnitude dependency on the Mg content as shown in Table II . While the source of these levels remains unclear, separately reported RBS and high resolution x-ray diffraction on these samples do not show evidence of any phase segregation for any of the alloys studied here, and a single wurtzite structure is observed even at the highest Mg contents. 15 While a complete determination of the physical sources for the detected traps is beyond the scope of this study, this is certainly a topic deserving of attention, especially considering the mid-gap positions of these levels that would imply their importance as generation-recombination centers.
With the above comments in mind, there is some evidence to create reasonable speculation about sources. In particular, there is evidence suggesting that native point defect Table II. sources that show acceptor-like behavior in ZnO, such as oxygen interstitials (O i ), zinc vacancies (V Zn ), and/or antisites such as O Zn , might be related to the E1 ¼ E v þ 0.3 and E2 ¼ E v þ 0.6 eV levels. Among them, only the V Zn energy positions in the ZnO bandgap have been theoretically calculated to be between the energies 0.18-0.30 eV for V Zn (0/À) and 0.34-0.87 eV for V Zn (À/ÀÀ) above the valence band using local density calculations, in fair agreement with the experimentally determined E1 and E2 energy levels experimentally determined here. 27, 28 Furthermore, V Zn has the lowest formation energy among the native point defects in n-type ZnO grown in either in O-rich or Zn-rich conditions for n-type material, and prior positron annihilation studies have confirmed that a-plane, n-type ZnO contains a V Zn as high as $2 Â 10 17 cm
À3
. 29, 30 Interestingly, positron annihilation also revealed a slightly higher V Zn concentration for Mg 0.06 Zn 0.94 O alloys, with no evidence for Mg vacancies (noting that this is a much lower Mg content than what is being explored here). 31 Taking these findings together, and by assuming that the E1 and E2 levels are related to V Zn for the MgZnO samples in this study, the higher V Zn concentration in ZnO compared to Mg x Zn 1Àx O samples might be due to higher energies of formation in the alloys that result from the significantly lower Fermi level position in the bandgap resulting from the lower net doping (see Fig. 3 ). However, more work must be done to investigate the details of the group II vacancy in high Mg-content alloys, such as sublattice specific vacancies, which is beyond the scope of this work. Finally, the lower electron concentration that has been observed in Mg x Zn 1Àx O compared to ZnO (Fig. 2(b) ) cannot be explained to result from compensation by trapping at acceptor-like states since the combined trap concentration of the levels in the lower half of the bandgap is much larger in ZnO than in Mg x Zn 1Àx O. Alternatively, this lower electron concentration may be the result of an increased activation energy for the donors in Mg x Zn 1Àx O compared to ZnO, as it has been reported earlier. [22] [23] [24] IV. CONCLUSIONS , and a 1 eV barrier height which seems good enough for UV detector applications. DLOS measurements have shown that Mg alloying introduces two new traps compared with ZnO located at E c À 1.4 and E c À 2.6 eV; however, the total trap concentration determined by LCV of all traps is actually reduced compared with ZnO. The energy values for the E1 ¼ E v þ 0.3 eV and E2 ¼ E v þ 0.6 eV traps were found to be invariant with respect to the valence band edge, whereas E3 ¼ E c À 1.4, E4 ¼ E c À 2.1, and E5 ¼ E c À 2.6 eV were all found to be invariant with the conduction band edge in the composition range explored here. The concentration of the dominant deep levels E1 and E2 has shown no dependency to Mg content. Zinc vacancy has been suggested for the origin of E1 ¼ E v þ 0.3 and E2 ¼ E v þ 0.6 eV deep levels based on its reported energy position and experimentally observed high concentration. The concentration of E5 ¼ E c À 1.4 eV and E3 ¼ E c À 2.6 eV levels has shown at least an order dependency on the Mg content suggesting the Mg related origin for these levels. 
